We have investigated genetic differences between the closely related pathogenic Neisseria species, Neisseria meningitidis and Neisseria gonorrhoeae, as a novel approach to the elucidation of the genetic basis for their different pathogenicities. N. meningitidis is a major cause of cerebrospinal meningitis, whereas N. gonorrhoeae is the agent of gonorrhoea. The technique of representational difference analysis was adapted to the search for genes present in the meningococcus but absent from the gonococcus. The libraries achieved are comprehensive and specific in that they contain sequences corresponding to the presently identified meningococcus-specific genes (capsule, frp, rotamase, and opc) but lack genes more or less homologous between the two species, e.g., ppk and pilCI. Of 35 randomly chosen clones specific to N. meningitidis, DNA sequence analysis has confirmed that the large majority have no homology with published neisserial sequences. Mapping of the cloned DNA fragments onto the chromosome of N. meningitidis strain Z2491 has revealed a nonrandom distribution of meningococcus-specific sequences. Most of the genetic differences between the meningococcus and gonococcus appear to be clustered in three distinct regions, one of which (region 1) contains the capsulerelated genes. Region 3 was found only in strains of serogroup A, whereas region 2 is present in a variety of meningococci belonging to different serogroups. At a time when bacterial genomes are being sequenced, we believe that this technique is a powerful tool for a rapid and directed analysis of the genetic basis of inter-or intraspecific phenotypic variations.
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The study of bacterial pathogenicity has greatly benefited from tools such as transposon mutagenesis, which have made possible the identification of virulence genes. However, there exist many bacteria for which mutagenesis is inefficient. One way to study virulence in such organisms is to take advantage of naturally occurring differences in pathogenicity between variants of the same species or between closely related species. In such a case, the differences in DNA sequence, including genes responsible for the differential pathogenicities, may be isolated from the generally similar genetic background by a subtractive technique. We set out to define genes or loci that may be responsible for the pathogenesis of meningococcal meningitis by comparing the chromosome of the meningococcus [Neisseria meningitidis (Nm)] with that of the gonococcus [Neisseria gonorrhoeae (Ng)]. These two human pathogens are very closely related, but cause notably different diseases. While Ng is generally responsible for localized inflammation of the urogenital tract, the meningococcus is the cause of lifethreatening disease, meningitis, that follows penetration of the blood-brain barrier and colonization of the meningeal membranes by the bacteria.
In contrast to the great differences in pathogenic potential of the gonococcus and the meningococcus, the organisms are closely related at the level of genetic organization and DNA sequence. Estimates based on DNA-DNA hybridization (1, 2) have suggested degrees of homology of DNA primary sequence between 80 and 90%. Most of the genes studied in either one of these bacteria have been found to have their homologues in the other. Similarly most of the virulence factors so far identified in Nm have a counterpart in Ng, i.e., pilin, PilC proteins, porins, opacity proteins, and the lactoferrin and transferrin receptors. Previously characterized attributes that are specific to the meningococcus are the capsule, RTX toxin-like Frp proteins (3, 4) , the Opc outer membrane proteins (5), glutathione peroxidase (6), the porin PorA (7), and the rotamase gene (8) . Of these, only the capsule is invariably present in virulent strains of Nm. However, a capsule is present in many extracellular pathogens that do not cross the blood-brain barrier. Therefore, some yet unidentified attributes must be responsible for the specificity of meningococcal pathogenesis. These attributes are likely to be encoded by genes located in DNA sequences found in the meningococcus but not in the gonococcus.
The aim of this work was the identification of regions of the Nm DNA which do not have a counterpart in Ng and which may therefore determine factors responsible for the pathogenesis of meningococcal meningitis. We used for this purpose a method based on the procedure representational difference analysis that was recently described by Lisitsyn et al. (9) for the isolation of probes specific for restriction fragment length polymorphisms in human DNA. In this work, we have adapted the technique to the production of a comprehensive and specific library of sequences present only in the meningococcus. Mapping of the locations of 35 randomly isolated Nmspecific clones onto the chromosome of strain Z2491 has indicated regions that are present in a variety of Nm strains, but absent from Ng and commensal Neisseria species. Though not all Nm-specific sequences will necessarily be related to pathogenesis, it is likely that some of the clones will correspond to as yet undiscovered genetic determinants of virulence with distinguish Nm from Ng, and that these will help to elucidate the differences in pathogenicity between the two organisms. (14) and rotamase (8) probes corresponding to the whole genes were produced from strain Z2491 using oligonucleotides designed on the basis of the published sequences. The pilCl and ppk (polyphosphate kinase) probes corresponded to the inserts in plasmids pJL1 (15) and pBlueppk6001 (16) , respectively.
MATERIALS AND METHODS
Representational Difference Analysis. The procedure was modified from that of Lisitsyn et al. (9) . Chromosomal DNA from Ng strain MS11 was sheared by repeated passage through a hypodermic needle to give fragments of length ranging between 3 and 10 kb. This DNA was purified by phenol extraction. Chromosomal DNA from Nm strain Z2491 was cleaved with restriction endonuclease MboI. This DNA (20 ,ug) was ligated with 10 nmol of annealed oligonucleotides RBaml2 and RBam24. The meningococcal DNA was separated from excess primers by electrophoresis through a 2% low-melting-point agarose gel. The portion of the gel containing amplified fragments of size above 200 bp was excised and digested with ,B-agarase. This DNA was then purified by phenol extraction.
For the subtractive hybridization (first round), 0.2 ,ug of Nm DNA, ligated to RBam oligonucleotides, was mixed with 40 ,ug of sheared Ng DNA in a total volume of 8 ,l of 3 x EE buffer [1 x EE buffer = 10 mM N-(2-hydroxyethyl)piperazine-N'-(3-propanesulfonic acid)/1 mM EDTA, pH 8.0]. The solution was overlayered with mineral oil and the DNA denatured by heating at 100°C for 2 min; 2 ,ul of 5 M NaCl was added and the mixture was allowed to hybridize at 55°C for 48 hr. The reaction was diluted 10-fold with preheated 3 x EE buffer/i M NaCl and immediately placed on ice. A portion of the dilution (10 ,l) was added to 400 ,lI of PCR reaction mix (10 mM Tris-HCl, pH 9.0/50 mM KCl/1.5 mM MgCl2/0.1% Triton X-100/0.25 mM of each dNTP/50 units/ml of Taq polymerase) and incubated for 3 min at 70°C to fill in the ends of the reannealed meningococcal fragments. After denaturation at 94°C for 5 min and addition of the oligonucleotide RBam24 (0.1 nmol per 100 ,lI), the hybridizations were amplified by PCR (30 cycles of 1 min at 94°C, 1 min at 70°C, and 3 min at 72°C followed by 1 min at 94°C and 10 min at 72°C; PerkinElmer GeneAmp 9600 thermal cycler). The PCR products were gel-purified to separate amplified meningococcal fragments from the primer and high-molecular-weight gonococcal DNA. They were digested with MboI and new oligonucleotides JBaml2 and JBam24 were ligated. The ligated DNA was again gel-purified and phenol-extracted. A second round of subtractive hybridization was performed using 40 gg of sheared Ng DNA and 25 ng of the JBam-ligated DNA obtained from the first round. In this case, amplification of the self-annealed Nm DNA was realized using the JBam24 oligonucleotide.
Another library was produced using Tsp509I-digested Nm DNA instead of the MboI fragments. This enzyme recognizes the sequence AATT, leaving a four-base, 5' overhang compatible with EcoRI. The oligonucleotides used were REco, JEco, and Neco. The experiment was performed as described above except that, in compensation for the larger number of species of low-molecular-weight fragments produced by Tsp5O9I, more of the meningococcal DNA was used in the first subtractive hybridization. In the first round, 400 ng of Nm DNA fragments were subtracted, and in the second round 25 ng of Nm fragments were subtracted against 40 ,tg of sheared Ng DNA. In this case, a third round of subtraction was performed, using 40 ,ug of sheared Ng DNA and 0.2 ng of the fragments obtained from the second round, having been digested with Tsp5O9I and religated to NEco adaptors.
Analysis of Clones from the Subtractive Libraries. DNA from the subtractive libraries was cloned into the BamHI (MboI library) or EcoRI (Tsp509I library) site of pBluescript (Stratagene), then transformed into Escherichia coli DHSa. The inserts were amplified by PCR reactions performed on transformant colonies, using the primers M13-50 and M13-40, the latter being biotinylated at its 5' end.
(i) DNA sequencing. Sequencing was performed on each PCR product after separation of the biotinylated and nonbiotinylated strands using the Dynabeads M-280 streptavidin system (Dynal, Oslo). Sequences were screened for homologies with previously-published sequences using the computer programs BLASTN and BLASTX at National Center for Biotechnology Information (Bethesda) and Fasta (17) .
(ii) Southern blot hybridization. The PCR products from the colonies of transformants, using primers M13-40 and M13-50 as described above, were labeled by random-primed incorporation of [a-32P]dCTP, and were used as probes for Southern blots of Clal-digested chromosomal DNA from strains Z2491 and MS11 to check their specificity.
(iii) Pulsed-field gel electrophoresis and mapping of the clones onto the chromosome of Z2491. The positions of the DNA sequences corresponding to the cloned difference products was determined relative to the map of Nm Z2491 (18) by probing Southern blots of pulsed-field agarose gels. DNA of strain Z2491 was digested using Pacl, PmeI, SgfI, BglII, SpeI, or NheI, and subjected to pulsed-field gel electrophoresis. Gels (20 x 20 cm) were 1% agarose in 0.5 x TBE buffer, and were subjected to electrophoresis at 6 V/cm for 36 hr with pulse times varying linearly between 5 and 35 s. Southern blot hybridizations were carried out as described above. The positions on the chromosome of Z2491 of sequences reactive with each of the clones was determined by comparison of the recognized restriction fragments with the published macrorestriction map.
RESULTS
Production of Libraries of Fragments of Nm Z2491 DNA Not Found in the Genome of Ng MS11. DNA from Nm Z2491 was cleaved with restriction endonuclease MboI and subjected to two rounds of subtractive hybridization against an excess of sheared chromosome from Ng MS11 followed by PCR amplification of those meningococcal sequences that, being absent from or having no significant homology with the Ng DNA, were able to reanneal.
To confirm that the sequences amplified from the second round of subtraction were Nm specific, the difference product was labeled and used as probe against Clal-digested DNA from a panel of six Nm, four Ng, and one each of NI and Nc (Fig.
Proc. Natl. Acad. Sci. USA 93 (1996) Proc. Natl. Acad. Sci. USA 93 (1996) 11111 1A). In contrast to the strong reactivity with multiple bands in all the meningococci, there is little or no signal in the cases of Ng or the commensal Neisseria species, demonstrating that the library is generally specific to Nm. The weak reactivity toward a variable band in Ng of about 4.5 kb is probably due to minor contamination by sequences corresponding to the gonococcal plasmid, harbored by each of these Ng strains.
The second consideration is the comprehensiveness of the library, i.e., it should ideally contain sequences representative of all the genes specific to Nm. To address this question, the whole of the amplified difference products from the first and second round of subtraction (Fig. 1B) were probed with genes known to exist only in the meningococcus: frp, opc, and rotamase ( Fig. 1 C-E) . Though the Nm-specificfrp gene was represented by a fragment of 600 bp, no signal was obtained with the rotamase and the opc genes. Hence, the library was not considered to be comprehensive. Nevertheless, considering their high specificity, the products of the second round of amplification were cloned into the BamHI site of pBluescript.
The inclusion in the subtractive library of a sequence corresponding to any Nm-specific gene depends on its being contained on a restriction fragment of suitable size. This condition is a function of two factors. Firstly, larger fragments are less likely to be totally Nm specific. Secondly, even if they exist, larger Nm specific fragments will be underrepresented in the library because of the limitations of the PCR technique, which result in increasingly inefficient amplification of larger fragments. Fragments of size greater than about 600 bp were not found in the library. For the rotamase and opc genes, the absence of suitably sized MboI fragments in the Z2491 chromosome precluded their inclusion in the library. Since any one enzyme may not produce a small fragment corresponding to any Nm-specific gene, one restriction enzyme is unlikey to suffice to produce a comprehensive library, and therefore another library was produced using a restriction enzyme, Tsp509I, with a different specificity. The enzyme Tsp509I has the advantage that it produces smaller fragments from the Nm chromosome, having an average size between 0.3 and 0.6 kbp, compared with an average size of 2 to 4 kbp produced by Mbol.
As for the previous library, the product of the second round of subtraction/amplification was labeled and used as probe against a panel of Neisseria strains. As expected ( Fig. 2A) , in contrast to the strong reactivity with all the Nm strains, there was little or no signal with Ng and the commensal neisseria species. The specificity of the library was investigated further by reacting Southern blots of the products from the three rounds of subtraction with probes corresponding to pilCl and ppk, both of which are common to Nm and Ng (Fig. 2 C and  D) . Sequences from these genes were completely removed from the library after the second round of subtraction. The comprehensiveness of the library was investigated by reaction of the subtraction products with probes corresponding to three genes found only in Nm (frp, rotamase, and opc). These Nm-specific probes did react with the amplification products of the first and second rounds of subtraction (Fig. 2 E-G) . A third round of subtraction, however, resulted in the loss of some Nm-specific sequences because the rotamase-and opc-reactive fragments were absent from this round of amplification. Taken together, these data indicate that the subtraction products from the second round of subtraction/amplification are both specific to Nm and comprehensive for Nm-specific sequences. The second round products were cloned into the EcoRI site of pBluescript.
Position of Meningococcus-Specific Sequences on the Chromosome. The availability of a physical map of the chromosome of Nm Z2491 (18) made possible an investigation of the distribution of randomly isolated Nm-specific sequences. First, to confirm the specificity of each of the clones toward the Nm strain, the corresponding inserts were used to probe Southern blots of ClaI-digested DNA from strains MS11 and Z2491. Subsequent sequence analysis allowed identification of dupli- Microbiology: Tinsley and Nassif 11112 Microbiology: Tinsley and Nassif cate clones and hence the unambiguous definition of the different types of clone recovered from the subtractive libraries. 19 clones from the MboI library (designated with the letter "B") and 16 clones from the Tsp509I library (designated with the letter "E") were kept for further study; each one of these clones has a unique sequence with no counterpart in Ng.
PCR products from these clones were labeled and used to probe Southern blots of DNA from Z2491 digested with infrequently cutting enzymes. The positions of the reactive bands enabled us to localize the clones to within ±20 kb relative to the published map ( Fig. 3 and Table 1 ). This mapping revealed a nonrandom distribution of the Nm-specific sequences. The majority of the Nm-specific sequences are clustered in three distinct groups, one of which (region 1) corresponds in position to the previously described capsulerelated genes. (We may define region 1 as E109, E138, B230, and B323; region 2 as B322, B220, B108, B132, B233, B328, E139, E145, and B101; and region 3 as B306, E114, E115, E124, E146, E120, E107, E137, and E142.) Of the sequences identified as specific to the meningococcus, 63% map within these small, distinct regions. This clustering is in contrast to the distribution of the previously reported Nm-specific genesfrpA and C, porA, opc, and the capsule-related region, which had suggested that the Nm-specific genes might be found, with the exception of the functionally related capsule genes, scattered around the chromosome.
When the PCR products corresponding to the insert of the clones from each of these regions respectively were pooled and used as probes on Southern blots of the panel of neisserial strains (Fig. 4) , regions 1 and 2 produced a limited number of bands in each of the meningococci, suggesting that these regions are both Nm specific and common to all meningococci. Interestingly, region 3 showed reactivity only with meningococci of serogroup A; this region therefore appears to be specific to a subgroup of Nm. Comparison with reported sequences in the data banks was performed to give insights as to the possible function of the regions cloned (Table 1) . First, it is seen that the clones in region 1 all correspond to genes involved in capsule biosynthesis, previously investigated in Nm serogroup B (19, 20) .
Apart from some homology with hemolysin proteins of Serratia marcescens, clones from region 2 show no significant homologies with any published sequences, either at the DNA or at the protein level. Two of the clones from region 3 showed interesting homologies with DNA-binding proteins, in particular the regulatory and transposase proteins from bacteriophages. Clone B208 showed strong homology with one of the conserved regions in a class of TonB-dependent ferricsiderophore receptors. Clones B134 and B339 hybridized with multiple regions (at least five and at least eight, respectively) of the chromosome. Sequence data showed that B339 corresponded to insertion sequence IS1106 (21) ; the translation of B143 showed limited homology to the transposase of an Aeromonas insertion sequence ISAS2 (22) and was found by Southern blotting to be an Nm-specific entity, present in multiple copies in the chromosomes of each meningococcus of the panel. The other clones showed no significant homology with neisserial or indeed any published sequences and therefore constitute, together with the majority of the other isolated clones, a bank of previously undiscovered Nm-specific loci.
DISCUSSION
We have adapted the subtractive technique of representational difference analysis to allow us to isolate a large number of probes specific for the meningococcus but absent from the closely related gonococcus. The utility of this procedure is demonstrated by the generation of new and potentially important information on the genetic organization of the meningococcus.
Several modifications were made to the original procedure, appropriate to the different application. The relatively small size of bacterial chromosomes makes the procedure technically easier, and such genomes may even be said to be ideally suited to this kind of analysis. However, the known antigenic variability of bacterial proteins leads to a problem of genes that are homologous but not identical between the two organisms and could well be isolated together with the truly specific genes. For this reason, we lowered the temperature of the hybridizations to render the subtractions more stringent. That the libraries are not "contaminated" with such variable genes is shown by the exclusion even of the pilCG sequence (Fig. 2) , which has only 77% homology with the analogous gonococcal gene (unpublished data).
Since the aim of this work was to isolate only genes present in Nm but absent from Ng, it was preferable to use for subtraction the entire gonococcal chromosome. The unmodified technique, subtracting restriction fragments against restriction fragments, has recently been applied to the production of restriction fragment length polymorphisms as epidemiological markers for isolates of Nm (23) , though their use is apparently limited by the genetic variability of the species. Another subtractive method (24), using repeated subtraction with biotinylated DNA and removal by streptavidin-coated beads, allows the use of total chromosomal DNA for subtraction, but is theoretically less efficient. This method, first used to isolate genes corresponding to deletion mutants of yeast, has very recently (25) been used to produce probes for deletions that may be important in the loss of virulence of the BCG strain of Mycobacterium bovis. These two studies have pro- The positions of all of the genetic markers mapped by Dempsey et al. (18) are shown as points on the linearized chromosomal map. Certain are named to help to align our data with their more detailed map. The previously reported Nm-specific genes are marked with asterisks. The two loci labeled "frp" are the frpA and frpC genes, those labeled "pilC" are the two genes pilC1 and pilC2; both of these are pairs of homologous genes that are not distinguished on the map. The positions of our Nm-specific clones are accurate to a degree depending on the overlap of the reactive restriction fragments. The average is about ±20 kb; however, one clone, B342, could be mapped only to a region of about 140 kb, centered on the frp marker. The clone B326 gave two bands, a weak and a strong, with each restriction enzyme. The strong signal gave a position near to the marker A644, while the weak signal was located close to argF. Clones B134 and B339 are not located on the map because they were found to correspond to sequences located in at least five and eight regions of the Z2491 chromosome, respectively. *Clones marked with "1," "2," or "3" belong to regions 1, 2, or 3, as defined in Fig. 3 .
tNumbers are those assigned to the bands on pulsed-field gel electrophoresis, in order of decreasing size (18) . Where a range is shown, the signal could not be assigned to a specific band, but to a number of comigrating or closely-spaced bands.
* (26) than with those of the TonB-dependent receptors for host iron-binding proteins previously described from Neisseria (27) . The translated sequence is too short to allow searches for the other characteristic conserved domains in this class of receptor. However, the proximity of this clone to the Nmspecific genes porA and the iron-regulated frp, and in particular the possibility that it is an Nm-specific receptor protein exposed on the outer membrane make it an attractive candidate for further investigation. Two clones were present in multiple copies. Clone B339 corresponds to the insertion sequence IS1106 (21) . The weak homology between clone B134 and the Aeromonas insertion sequence, together with its presence in a variety of Nm strains in multiple copies, suggest that it might represent a new type of Nm-specific insertion sequence.
Of particular interest is the possibility that the regions containing the Nm-specific clones might correspond to "pathogenicity islands," as have been described in Escherichia coli and Yersinia pestis. We know already that region 1 is such an island since it carries the genes of the capsule complex. The representational difference analysis procedure has indicated other regions of high concentrations of Nm-specific sequences that might repay a more detailed investigation, in addition to localizing a number of other candidate loci. The clones isolated in this work will aid in the further understanding of the relevance of regions specific to Nm, by allowing cloning and sequencing of larger chromosomal fragments, and directly by their use in mutation of the loci. Finally, the detection of meningococcus-specific genes, perhaps involved in the pathogenesis of the organism, may help to target antigens suitable for use in an anti-meningococcal vaccine.
The efficacy and rapidity of the method described lend it to use in a wide range of situations where it is desired to investigate the genetic differences responsible for any phenotype peculiar to one of a pair of closely related bacteria.
